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ABSTRACT 

Title of Thesis: 

Degree Candidate: 

Degree and Year: 

Thesis directed by: 

FLAMMABILITY CHARACTERISTICS OF 

PAINTED CONCRETE BLOCK 

Jason S. Dreisbach 

Master of Science in Fire Protection Engineering, 2001 

Dr. Frederick W. Mowrer, Associate Professor, 

Department of Fire Protection Engineering 

The flammability characteristics of painted concrete blocks exposed to incident 

heat fluxes were studied using the Cone calorimeter. Samples of concrete block were 

painted with 2 ,4 ,6 ,8 ,  and 10 coats of interior oil-based or latex paint over one coat of 

latex based primer and subjected to heat fluxes ranging from 35 kW/m2 to 85 kW/m2. 

Critical heat fluxes were found for the different coating levels and types of paint. The 

ASTM El  32 1 analysis methodology was used to evaluate ignition temperatures and 

those values were compared with surface temperatures measured using thermocouples 

imbedded in the surface of some painted samples. The calculated and measured values 

for effective ignition temperature differed by a factor of 2 or more, with the calculated 

values being higher. A new method for determining the effective ignition temperature 

based on handbook material properties, the heat conduction equation and ignition time 

found better agreement with measured surface temperature data when using appropriate 



values for radiative absorptivity. Quintiere’s flame spread parameter, b, was used to 

evaluate the propensity for ff ame spread on painted concrete block surfaces. This 

propensity was found to be small for the range of heat fluxes and coating levels 

considered. Based on the tests of painted concrete block performed, it appears that the 

release of water vapor from the concrete block might effect ignition via dilution of the 

flammable vapor above the surface. 
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I. INTRODUCTION 

The flammability characteristics of interior wall and ceiling finishes are an 

important aspect of building fire safety. As noted in the NFPA Fire Protection 

Handbook, these interior finishes represent large surfaces over which flame can spread 

[ 13. Such flame spread can escalate a small fire to much larger intensity, leading to 

room flashover, or it can serve as a pathway for fire to spread from one object to 

another. 

For the past 50 years, the flammability characteristics of interior wall and ceiling 

finishes have been regulated in the United States by means of an index-based fire test 

method commonly known as the “tunnel test” [2]. The tunnel test method provides a 

comparative ranking of materials based on their performance under the conditions 

specified in the test standard. Unfortunately, performance in the tunnel test may not 

correlate with actual performance in the field, so efforts have been undertaken to 

develop more predictive methods for evaluating the flammability characteristics of 

interior wall and ceiling finishes. 

Predictive methods for evaluating the flammability characteristics of interior 

wall and ceiling finishes are based on theoretical models of flame spread [3,4, 51 that 

make use of fundamental material flammability properties [4, 91 derived from small- 

scale fire test methods, such as the Cone Calorimeter [6] and the LIFT apparatus [7 ] .  

These theoretical models demonstrate the critical nature of flame spread, particularly for 

thin combustible surfaces applied to noncombustible substrates. This means that small 

differences in exposure conditions or in material properties can lead to large differences 

in actual flame spread performance. 
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Theoretical models of flame spread on a surface consider flame spread as a 

sequence of ignitions on fuel elements. In this respect, flame spread will occur if the 

burning duration of a burning element of the surface is longer than the time to ignition 

of an adjacent element. If true, then flame spread is expected. If false, then localized 

burnout is expected. In theory, there is a fine line separating these two regimes. 

The purpose of this work is to evaluate the flammability characteristics of 

painted concrete block and to derive appropriate material flammability properties for 

painted concrete block that can be used for flame spread modeling. Painted concrete 

block is a popular interior finish in many buildings, particularly in educational, 

institutional and multi-family residential facilities, so the implications of this work can 

have an impact on the evaluation of fire safety in facilities with painted concrete block 

surfaces. 

The flammability characteristics of painted concrete block were evaluated by 

subjecting 100 mm by 100 mm by 50 mm specimens coated with primer and various 

layers of paint on one surface to testing in the Cone Calorimeter [ 6 ] .  Samples coated 

with one layer of latex primer and with two to ten coats of latex- and oil-based interior 

paints were evaluated. Imposed heat fluxes ranging from 35 to 85 kW/m2 were used. 

Effective material flammability properties were derived from the Cone 

Calorimeter test results. Based on analysis of test results along with some specially 

instrumented Cone Calorimeter tests, it was determined that the standard methods for 

evaluating effective material flammability properties will yield erroneous results for 

painted concrete block. Alternative methods for evaluating these properties are 

developed and presented. 
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TT. BACKGROUND 

McGraw and Mowrer [ 131 investigated the flammability of painted gypsum 

wallboard using the cone calorimeter. Tests were run on samples with two through 

eight coats of latex paint over one coat of primer at incident heat fluxes ranging from 25 

kW/m2 to 75 kW/m2. The flame-spread model developed by Quintiere and coworkers 

[3,4, 51 was used to evaluate the potential for flame spread over painted gypsum 

wallboard. This study determined flame spread might occur for high heat fluxes and 

high coating levels. Also, by comparing the ratio of ignition time to burning duration, a 

critical heat flux required for flame spread was found for thin materials. This study did 

not conclude a dependence of coating level on the propensity to spread flame. 

Mowrer [ 141 has recently presented more data and analysis on oil based painted 

gypsum wallboard. This study found that blistering at the surface occurred for oil-based 

paint while being exposed to an incident heat flux. This decreased the ignition time of 

the sample by a factor of 3-4 because the thin flammable material separated from the 

gypsum making it essentially thermally thin as opposed to thermally thick when 

attached to the gypsum throughout the test. In this analysis, the ignition response 

parameter (IRP) and the specific ignition energy (SIE) were used to attempt to 

characterize the ignition phenomenon of blistered samples. The cause and verification 

of blistering on other materials was left as a question. 

Torero and Mowrer [ 1 11 have studied interpretation of ignition test data and 

applicability of ASTM E1321 methods for evaluating material properties. Their 

analysis included interpretation of short and long time solutions for non-dimensional 

surface temperature and determined that the testing conditions specified by the LIFT 
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procedure fell in between those two solutions. Testing of PMMA samples showed in- 

depth conduction of approximately 30% of the external heat flux. This led to the 

conclusion that an evaluation of the in depth conduction during the test is warranted for 

the testing conditions in order to more accurately determine ignition temperatures. 

Delichatsios et. al. [ 121 have studied the use of ignition time data for calculating 

material properties and critical heat flux. This study evaluated the method described in 

ASTM E1321 for determining thermal inertia and critical heat flux, or ignition 

temperature. The study reformulated the heating theory to include significant surface 

reradiation and convective losses and found that the method of plotting the square root 

of ignition time on the x-axis to obtain “effective” properties is a zeroeth order 

approximation of theory. Their improvements led to a more accurate representation of 

reality, however, with approximations, the equations are not fully applicable to all 

testing conditions. They have therefore proposed a modification of the testing 

procedures used to study ignition. They proposed the surface of the sample be covered 

with a thin layer of carbon black to simulate the effects of smoke deposition and to 

ensure all heat to the sample is absorbed via conduction. This would mean the 

absorption coefficient and emissivity would exactly equal unity and determination of 

thermal properties would not be influenced by the uncertainty in these parameters. 

Janssens and Dillon [8] have studied the use of small-scale test data for 

determining material and flammability properties for materials and their use in 

predicting performance in full-scale fire scenarios. The material properties were 

calculated using a modified formulation of the typical ignition theory that accounted for 

a variable convection coefficient. The properties that were calculated and small-scale 
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test data from the cone calorimeter were used in a model to predict the performance of 

interior finish material in the IS0 9705 RoodComer Test [lo]. Dillon et a1 [9] used 

the LIFT apparatus [7] procedure for determining material properties to fit into a similar 

model of the IS0 9705 test. The methods of both of these studies did not hndamentally 

modify the technique prescribed by ASTM E1321, but rather adjusted the technique in 

order to use the available data. The results were “effective” material properties for the 

condition tested and assumptions made. The authors of both of these studies claimed 

reasonable accuracy in the large-scale prediction using these effective properties. 

However, no attempt was made to validate assumptions at the small-scale level where 

material properties were derived. 
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111. THEORY 

This chapter presents the ignition and flame spread theories used to evaluate the 

flammability characteristics of painted concrete block. These theories indicate the 

material flammability properties needed to evaluate the potential for ignition and flame 

spread. 

IGNITION THEORY 

In order to predict the ignition of a solid surface, it is typical to assume that a 

material will ignite when it reaches a unique effective ignition temperature, Ti,. This 

implies that the material will be inert up to the effective ignition temperature, then will 

release an ignitable concentration of vapors at the fuel surface when the effective 

ignition temperature is reached. 

The surface of a material will heat up if exposed to an incident heat flux. The 

rate of heating of this surface depends on the intensity of the incident heat flux and the 

material’s thermal properties. The rate of heating also has some length scale 

dependence, and therefore, materials are generally classified as either thermally thin or 

thermally thick. Most building materials, including painted concrete block, represent 

thermally thick materials. 

The ASTM E 132 1 (LIFT apparatus) test method and interpretation represents 

the most widely used presentation of ignition theory [7 ] .  This theory assumes a semi- 

infinite solid. The heat conduction equation is solved for a semi-infinite solid exposed 

to a constant incident heat flux with convective heat losses at the surface to obtain a 

nondimensional temperature rise at the surface of: 
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and t ,  = @ . The term h, represents the total heat transfer where A T  =- Mkr 
ht h: 

coefficient at the surface and is intended to include surface convection and reradiation 

losses from the surface, i.e., h, = h, + hr . The characteristic temperature rise at the 

surface, AT,, represents the maximum surface temperature under conditions of no 

conduction into the material. The characteristic time constant, t, , represents the time 

for the solid to thermally relax. The energy balance at the surface under condition of no 

conduction can be expressed as: 

c@:, =h,(T, - T o ) + ~ ~ ( T c 4 - T o 4 ) = h , ( T ,  - T o ) .  (2) 

In the calculation method for determining ignition temperature in ASTM E 132 1 ,  

the left hand side of Equation 2 is set equal to the critical heat flux for ignition q X  , 

which is defined as the minimum incident heat flux at which ignition occurs within the 

20 minute standard test time. An iterative approach must be used to solve Equation 2 

due to the nonlinearity of the reradiative term. Equation 2 was solved using the 

Newton-Raphson Method to produce the equilibrium surface temperatures and 

associated heat transfer coefficients shown in Figure 1 and Table 1 : 
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Table 1 : Characteristic Temperatures and Total Heat Transfer Coefficients 
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Figure 1: Equilibrium Surface Temperature as a Function of Incident Heat Flux 
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Figure 1 shows the characteristic surface temperature and total heat transfer coefficient 

as a function of incident heat flux. A constant value of 0.01 5 kW/m2.K is used for the 

convective heat transfer coefficient. This plot is similar to the plot in the ASTM E1321 

standard. 

This approach to determining an effective ignition temperature tends to 

overpredict the actual ignition temperature because it ignores the effect of conduction 

into the material on the surface energy balance. After long times, conduction will not 

necessarily go to zero as assumed in the ASTM E1321 methodolgy; instead, it will 

approach a steady-state value greater than zero that will depend on the conductivity and 

thickness of the material and any additional layers of material behind the surface 

material. The actual quasi-steady energy balance at the surface can be expressed as: 

where h k  represents a conductive heat transfer coefficient. This coefficient can be 

represented in general for a single material as: 

h, =(:). 
S represents the thermal penetration depth and k is the thermal conductivity dependent 

on the material. At short times, the thermal penetration depth will vary according to the 

relation 6 - &% , where a = k / pc is the thermal diffusivity of the material. At long 

times, the thermal penetration depth will become equal to the thickness of the material. 

By substitution, the conductive heat transfer coefficient at short times is expected to 

vary as: 
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with the proportionality constant to be determined. 

For an assembly with multiple layers of different materials, the conductive heat 

transfer coefficient becomes: 

This quasi-steady formulation of conduction represents a theoretical limit, since fire 

tests are normally not conducted until steady state conditions occur. This discussion 

attempts to demonstrate that the method of determining the effective ignition 

temperature by the critical heat flux will tend to overestimate the actual ignition 

temperature, with the magnitude of the difference increasing with the relative 

magnitude of the conduction term. 

FLAME SPREAD THEORY 

The focus of this work with respect to flame spread is on the potential for 

concurrent flow or wind-aided flame spread. Opposed flow flame spread is not 

addressed. In general, wind-aided flame spread represents a much greater hazard than 

does opposed flow flame spread. The model propounded by Quintiere and coworkers 

[3,4, 51 is used for this analysis. Mowrer and Williamson 1151 applied this model to the 

evaluation of textile wall coverings adhered to gypsum wallboard, while McGraw and 

Mowrer [ 131 and Mowrer [ 141 have applied this model to evaluation of latex- and oil- 

based painted gypsum wallboard. 

The Quintiere model considers the potential for flame spread in terms of the 

ignition and burnout of surface elements as they are subjected to heat fluxes imposed by 
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the flame and external sources. The details of the model and its simplifying 

assumptions are described elsewhere [3, 4, 51. What is significant for the present 

discussion is that this flame spread model produces a dimensionless "flammability 

parameter," defined as: 

b = k f @ - ( t A ) - l .  (4) 

According to the Quintiere model, acceleratory upward flame spread will occur when 

the value of the flammability parameter is positive, while decay to extinction is 

expected if its value is negative. Steady fire propagation is expected if the flammability 

parameter evaluates exactly as zero. 

The terms in the flammability parameter equation need to be evaluated. The 

flame length parameter, kf, is typically considered to have a value of 0.01 m2/kW, based 

on the assumption that the flame length varies linearly with the heat release rate. The 

heat release rate per unit area, Q", is typically considered to be the peak heat release 

rate per unit area for the material. Based on heat transfer theory for a semi-infinite 

solid, the ignition time, tig, is typically approximated as: 

where q" is the incident heat flux at the surface of the material. This is the solution to 

the semi-infinite heat conduction 

reradiation. The burning duration, 

n" 

equation for the case of no surface convection or 

tb, is typically approximated as: 
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where Q" represents the total heat release per unit area, which is also the area under the 

heat release rate per unit area versus time curve. 

Methods have been developed to assess these flammability parameters from 

Cone Calorimeter data. For thin combustible surfaces over noncombustible substrates 

tested in the Cone Calorimeter, it is fairly common to obtain results similar to those 

illustrated inFigure 2, where the heat release rate rises quickly to a sharp peak value, 

then descends rapidly back to zero or a near-zero value. 
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Figure 2: Data Used for Calculation of b 

The total heat release, Q", is the area under the heat release rate curve. This 

curve is estimated as approximately triangular and, therefore, the area can be calculated 

simply as one half the base multiplied by the height. The energy released by the fuel 

burning must be great enough and the duration of release must be long enough to heat 
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the adjacent material to cause ignition and for the fire to spread. Therefore, if the 

burning duration is long and/or the heat release rate high, b would be greater than zero. 

Conversely, if the burning duration is approximately equal to or less than the ignition 

delay time, then flame spread is unlikely based on the Quintiere analysis method. 

McGraw and Mowrer [ 131 suggested that an alternative way to evaluate the 

potential for flame spread on thin materials adhered to noncombustible substrates is to 

simply compare the time to ignition with the burning duration. If the burning duration 

of a burning element is less than the time to ignition of an adjacent element, then 

localized burnout is expected. Otherwise, flame spread to the adjacent element would 

be expected. This relationship is similar to the Quintiere flame spread parameter; it can 

be expressed as: 

5 > 1 for flame spread to occur. Substituting relationships for these individual times 
ti, 

and rearranging will lead to a critical heat flux for flame spread: 

According to Equation 6, the ratio of times should vary linearly with the imposed heat 

flux, with the slope related to the material properties. This time ratio can also be 

estimated as a function of thermal properties and the square of Tewarson's thermal 

response parameter (TRP) [19] for thermally thick materials [ 141: 
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IV. EXPERIMENTAL PROCEDURE 

Two different sets of tests were performed in this study. The first set of tests 

used the cone calorimeter [6]. The other set of tests involved measurement of mass and 

sample surface, midpoint and back face temperatures under heating from a cone heater. 

The goal of these tests was to get a direct measure of ignition temperature and 

approximate conduction through the sample. 

The initial procedure for testing painted concrete block followed the procedure 

of past testing of painted interior wall materials, specifically, the test procedure for 

painted gypsum wallboard [ 131. There were 2 types of paint (oil-based and latex), 5 

coating levels (2,4, 6, 8, 10 coats plus 1 coat of primer for each), 3 heat fluxes (35, 50 

and 75 kW/m2) and 3 samples for each configuration. Also, additional samples would 

be needed for an investigation into the critical heat fluxes needed for ignition. All the 

tests were conducted in the Cone Calorimeter following NFPA 271[6]. The data 

acquired were then used to evaluate flammability characteristics and the potential for 

flame spread on painted concrete block surfaces for a range of typical fire scenario heat 

fluxes. 

168 samples were made from 21 8”x16”x 2” (0.20m x 0.41m x 0.05m) concrete 

patio blocks. Patio blocks were used because they were easier to cut into cone 

calorimeter samples than hollow concrete blocks while having similar properties. A 

wet saw was used to cut the blocks into 8 samples per block. ARer the samples were 

cut, they were allowed to dry for 30 days or more in the open air inside a lab before the 

mass was measured and the samples were painted. After the mass for each sample was 
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measured, the density was calculated by dividing the measured mass by the measured 

volume. 

Subsequently, the first 90 samples were painted. All samples received one coat 

of primer. The primer was a "block filler." Three different paint manufacturers were 

contacted and all suggested the primer be a thick primer known as a block filler used to 

smooth the surface of the concrete before painting, in order to increase the adherence of 

the paint to the surface of the concrete block. The specific block filler used was Duron' 

Block Kote, which is a latex block filler. After the primer was applied, 45 samples 

were painted with latex paint, specifically, DuronO Ultra Deluxe Interior Acrylic Latex 

Semi-Gloss Enamel in white, and 45 samples were painted with oil-based paint, 

specifically, DuronO Dura Clad Alkyd Gloss Enamel, Urethane Modified in white. The 

total mass was measured after the final coat was applied to the sample. The mass of 

paint added for each coat (paint application rate) was not measured for these 90 

samples. The incidental mass loss due to normal handling of these samples represented 

a problem to consistent and meaningful mass data because the addition of mass was so 

small compared to the total mass and minor loss of concrete aggregate due to handling 

had a relatively large effect on the mass measurements. For this reason, the samples 

were handled as little as possible and the mass data was taken after the final coat was 

applied. However, the average application rate could still be calculated 

Once the painting was complete, testing commenced. The initial tests were run 

at a heat flux of 35 kW/m2. No ignition occurred at this heat flux for any samples that 

were painted and the procedure was modified because the needed data could not be 

collected without ignition. Testing for the critical heat flux needed for ignition was 
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started. The testing was done via trial and error in the Cone Calorimeter. The heat flux 

was increased by 5 kW/m2 if the coating level did not ignite until ignition and 

continuous flaming was observed. No verification tests have been performed at this 

point. The result is a critical heat flux range for ignition. 

After the critical heat fluxes were found, the procedure to obtain the needed data 

was revised. Instead of using the heat fluxes of 35,50 and 75 kW/m2 specified in the 

initial test procedure, the heat fluxes for testing were determined from the critical heat 

fluxes found earlier. Specifically, tests were run at 10 kW/m2 and 20 kW/m2 above the 

critical heat flux for Latex painted samples (the critical heat fluxes were higher for those 

samples), up to 85 kW/m2. The following heat fluxes were used for testing both types 

of painted samples: 

0 

0 

10 coat samples were tested at 65 and 75 kW/m2; 

8 coat samples were tested at 65 and 75 kW/m2; 

6 coat samples were tested at 75 and 85 kW/m2; 

4 coat samples were tested at 75 and 85 kW/m2; 

2 coat samples were tested at 85 kW/m2. 0 

The second set of tests took place after the first set of tests was completed. This 

set of tests involved painting ten more samples, five with latex paint and five with oil- 

based paint. For these tests type K thermocouples were imbedded in the surface of the 

sample. To do this, the thermocouples were positioned on the middle of the surface and 

painted over with one coat of primer and six or ten coats of paint. Three samples for 

each type of paint received ten coats and two samples of each type received six coats. 

Painting the thermocouple in to the surface allowed them to stay affixed on the surface 
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of the sample imbedded in the coating of paint. A hole at the midpoint of the depth of 

the sample was drilled to the middle of the length and during testing a thermocouple 

was positioned in that hole to measure the temperature in the middle of these samples. 

A thermocouple was also placed under the sample at the back face between the sample 

and the insulating backing material to measure the back face temperature during testing. 

The mass of the sample was also measured during these tests. 
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I Property 

V. DATA AND ANALYSIS 

k C 

In this chapter, the data collected during this study will be presented, along with 

- -  
Units kg/m3 Wlm . C kJkg . C 

Concrete, cinder 1900-2300 0.76 0.88 

analysis of the results. The data collected includes ignition and flammability 

m2/s 
8.2-6.8( lo-’) 

characteristics. The analysis focuses on using and comparing standard methods versus 

new methods for determining these characteristics. 

Before the data are presented, the literature material properties will be described. 

The SFPE Handbook [ 161 lists the thermal properties for cinder concrete including 

density, ; thermal conductivity, k; specific heat, c; and thermal diffusivity . Table 2 

summarizes these properties. 

Table 2: Material Properties from SFPE Handbook [16] 

Part of the test procedure included weighing and measuring each sample for 

mass and volume prior to painting in order to calculate the actual density of the blocks 

used. The block data is summarized in Figure 3 and Figure 4 below. Figure 3 shows 

the surface area of each sample, while Figure 4 shows the density of each sample. 

Samples had surface areas less than the nominal 100 cm2 cone samples because they 

were cut from larger samples. The samples are smaller due to the width of the saw 

blade. 
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The surface area of the actual samples ranged from 87.3 cm2 to 100.88 cm2, with an 

average area of 93.07 cm2. The thickness of all samples was 4.1 cm. The average 

density was found to be 21 10 kg/cm3, with a minimum of 1860 kg/cm3 and a maximum 

of 2250 kg/crn3. This is consistent with the quoted density of concrete block in the 

SFPE Handbook [ 161 ranging between 1900 g/cm3 and 2300 g/cm3. 

Since the application rate of paint for the first 90 samples was not measured 

directly after each coat of paint was added, the application rate was estimated. The total 

mass of paint added per unit area was divided by the number of coats plus one to 

account for the primer coat. The application rates for different coating levels are shown 

in Figure 5 and Figure 6. 
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Figure 5: Application Rate by Coating Level for Latex Painted Samples 
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Figure 6: Application Rate by Coating Level for Oil-based Painted Samples 
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These plots show significant scatter in the application rates. However, they 

show that the average rates decrease as the number of coats increase. This can be 

attributed to a “filling” effect each coat has on the surface of the block. More paint is 

added in the lower coats because the surface of the block is not flat and the paint is able 

to travel into the cracks and crevasses. As more coats are added, the cracks and 

crevasses fill up and the surface becomes flatter. Figure 7 and Figure 8 show the total 

paint mass for each sample as a function of number of coats. 
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Figure 7: Total Paint Mass - Latex 
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Figure 8: Total Paint Mass - Oil Based 

Further study on the application rate was also conducted on samples that were 

not tested. Twenty-four samples were painted with latex paint. For these samples, the 

mass of the samples was measured after every coat, including the primer coat. The data 

from these measurements indicated the same average trend of a decrease in paint 

application of latex with an increase in number of coats. 
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Figure 9: Application Rate by Coating Level for Latex Painted Samples 

As described in Chapter IV, the test procedure included determination of the 

critical heat flux for ignition. This was done through trial and error in the Cone 

Calorimeter. The heat flux was adjusted in increments of 5 kW/m2 until a test with no 

ignition and a test with ignition took place. This led to a critical heat flux measured 

within 5 kW/m2. The testing showed that the critical heat flux is dependent on the type 

of paint, as well as the number of coats of paint on the sample. Table 3 summarizes the 

critical heat fluxes found. 
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Coats 
Latex Oil-based 

kW/mL kW/mL 
10 
8 
6 

I I 

4 I 70-75 I 60-65 I 

50-55 45-50 
50-55 50-55 
60-65 50-55 

2 I 80-85 NA 

Tests for the critical heat flux for 2 coats of oil-based paint were not conducted 

due to mechanical difficulties with the cone calorimeter. These results show that the 

critical heat flux for ignition varies significantly with the coating level. They also show 

that the critical heat flux for latex paint is greater than oil-based paint, again depending 

on the number of coats. It should be noted that a repeat test of samples with 8 coats of 

oil-based paint indicated one test with ignition and one test without ignition at 50 

kW/m2. The critical heat flux values listed above were higher than anticipated based on 

the results of previous studies with painted wall materials [ 131. 

Based on these critical heat fluxes, more tests were conducted to evaluate the 

burning characteristics of painted concrete block. The tests were run at 10 kW/m2 and 

20 kW/m2 above the critical values for the latex painted samples, depending on coating 

level, since critical heat flux levels for latex were higher. Samples with 4, 6,  8 and 10 

coats were tested at 75 kW/m2. A summary of the test data is provided in Appendix A. 

Since all coating levels for both types of paint were tested at 75 kW/m2 (except 

2 coats), that data is considered for comparison purposes. Figure 10 and Figure 1 1 

show comparisons between coating levels and ignition time and peak heat release rate. 
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Figure 10: Ignition Time as a Function of Number of Coats at 75 kW/mz 
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Figure 11: Peak Heat Release Rate as a Function of Number of Coats at 75 kW/m2 
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Figure 10 and Figure 1 1 indicate that the ignition and burning properties depend on the 

number of coats of paint. The trends show generally that ignition time decreases as 

number of coats increase and that peak heat release rate increases as number of coats 

increase. The rate of decrease in ignition time for oil-based paint is much higher than 

that rate for latex paint. The variation of ignition times for low coating levels indicate 

that the tested heat flux is close to the critical heat flux for ignition for those coating 

levels. This suggests that the critical heat flux is coating level dependent. Also, the rate 

of increase in peak heat release rate is much higher for oil-based paint than for latex. 

To look at the problem more closely, ignition times and peak heat release rates 

versus total mass of paint were considered, as opposed to number of coats. 
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Figure 12: Ignition Time as a Function of Total Mass of Paint at 75 1rW/m2 
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Figure 13: Peak Heat Release Rate as a Function of Total Mass of Paint at 75 

kW/mz 

Figure 12 and Figure 13 are less revealing as to relationships between amount of 

paint and ignition and heat release rate, especially for oil-based painted samples. The 

trends for the latex painted samples are the same as the trends over number of coats, 

although much less pronounced. Also, there do not seem to be any trends for the oil- 

based painted samples and no conclusions can be made about the ignition time and heat 

release rate dependence on total mass of paint. 

A key part of this study focused on effective ignition temperatures of the painted 

concrete block. Ignition temperatures are represented as a material property in general. 

This means that ignition temperatures of different samples of the same material are 

assumed to be the same. Ignition temperatures are used to calculate flammability 

characteristics and serve a major role in predicting flame spread. It is important 

therefore that ignition temperature estimations be fairly accurate. Two methods for 
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determining ignition temperature of painted concrete block were used in this study. The 

first was an indirect calculation using critical heat flux for ignition as determined during 

testing. The second was a direct measurement using thermocouples on the surface of 

the samples. Upon comparing these two estimated temperatures, the heat conduction 

theory was revisited and another method for determining effective ignition temperatures 

from the data collected is proposed. 

The ignition temperature was first determined using the calculation method 

described in ASTM E1321. The theory for this calculation was described in Chapter 

111. The determination of a characteristic ignition temperature uses the critical heat flux 

for ignition. Since the critical heat flux varied depending on type of paint and number 

of coats, the characteristic ignition temperatures varied also according to type of paint 

and number of coats. Therefore, one ignition temperature for a type of paint is not a 

valid assumption to make for this analysis. One must also know how many coats of 

paint have been applied to a given wall to evaluate its ignition temperature, based on the 

results of this study. Figure 1 was used to evaluate ignition temperatures via 

calculation. 
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Figure 14: Characteristic Temperature (ignition) Calculated From Critical Heat 
Flux as a Function of Number of Coats 

The “min” and “max” lines in Figure 14 indicate the critical heat flux range of 5 kW/m2 

associated with the testing procedure followed. Characteristic ignition temperature 

decreases as number of coats increase, and the calculated ignition temperatures are 

lower for oil-based paint. Also shown in Figure 14 is the magnitude of the calculated 

ignition temperatures. Depending on number of coats, latex paint ignited between 

650°C and 800”C, while oil-based paint ignited between 625°C and 725”C, based on the 

methodology presented in ASTM El 32 1. 

In an attempt to verify these ignition temperatures and study the applicability of 

the ASTM E132 1 calculation method, ignition temperatures were directly measured 

using imbedded thermocouples located at the surface of 10 painted samples under an 
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1-147 
1-148 

incident heat flux of 75 kW/m2. The procedure was described in Chapter IV. Figure 15 

and Figure 16 show the acquired data. 
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Figure 15: Surface Thermocouple Data for Latex Samples at 75 kWlm* 
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Figure 16: Surface Thermocouple Data for Oil Based Samples at 75 kW/m2 

In Figure 15 and Figure 16, the surface temperature data is plotted for all the samples of 

the two types of paint. Also plotted is the surface temperature data of an unpainted 

sample. These plots show that the surface temperature data for samples with the same 

type of paint are fairly consistent with one another. The theoretical curves shown on 

these plots will be discussed later. Data from the individual tests, as well as five 

thermocouple tests of unpainted samples are given in Appendix B. 

The ignition times were also measured during these tests; these ignition times 

are shown in Table 4. 
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Sample # # of Coats 

Table 4: Measured Ignition Times for Thermocoupled Tests 

Ignition 
Time(s) Paint 

1 44 
148 

\ ,  

10 Latex 43 
10 Latex 55 

152 
147 

10 Latex 34 
6 Latex 90 

Using these ignition times, actual ignition temperatures can be read directly 

from the surface temperature data. One can see from the representative graphs above 

that the ignition temperatures are much lower, even with the error associated with 

thermocouples measuring surface temperature, than the calculated ignition 

temperatures. This data was used to determine ignition temperatures for samples with 

10 coats and with 6 coats. Figure 17 shows this data. 

153 
149 
150 
145 
151 
146 

I 

6 Latex 113 
10 OB 14 
10 OB 21 
10 OB 11 
6 OB 27 
6 OB 31 
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Figure 17: Measured Surface Temperatures at Ignition of Painted Samples at 75 
k W h 2  as a Function of Number of Coats 

Measured ignition temperatures for latex ranged from a low of 240°C to a high 

of 330"C, while the range for oil-based paint was 130°C to 240°C. These values are 

less than half the values calculated based on the ASTM E1321 method, suggesting that 

this method should be reevaluated. 

The term that is neglected in the analysis to calculate the ignition temperature is 

the conduction term. Neglecting the effect of conduction through the solid during 

heating translates to a higher surface temperature, which can be seen from the 

differences in calculated effective ignition temperatures and measured ignition 

temperatures. To reevaluate the ASTM E 132 1 calculation method, the analytical 

solution to the semi-infinite conduction equation was reconsidered: 
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Equation 1 estimates the surface temperature of a particular material with given thermal 

properties subject to an imposed heat flux with surface convection. For this analysis, 

the material properties from the SFPE Handbook [ 161 are used to estimate this surface 

temperature. 

In order to use this equation, some other properties and characteristics must be 

determined. The absorptivity, a, of the surface receiving the incident heat flux must be 

determined to evaluate the fraction that is absorbed to heat the material. The surface of 

the material in this study was white latex or oil-based paint. The ASHRAE Handbook 

apsorptivity value for white enamel paint is given as -0.9 [ 181. This indicates that 

approximately 90% of the incident heat flux is absorbed into the surface, with the 

remaining fraction reflected. The absorptivity of a material is used in the solution for 

surface temperature as function of heat flux, which is shown graphically in Figure 1. 

This heat balance equation can also be used to solve for hl, the total heat transfer 

coefficient. This coefficient relates the characteristic temperature rise and characteristic 

and t, = * . Using the time to the incident heat flux as given by AT, = - 41, 
h, h: 

handbook thermal properties, the heat equation solution can be used to find the surface 

temperature as a function of time. Figure 18 compares this equation to measured 

surface temperature of an unpainted concrete block sample at 75 kW/m2. 
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Figure 18: Measured versus Calculated Surface Temperature of Unpainted 
Sample at 75 kW/m2 

Figure 18 shows that the measured and calculated temperatures fall on top of 

one another for early times. Again, it is noted that the conduction equation is using 

handbook values for the thermal properties of concrete block and white paint. This 

suggests that the conduction equation used with handbook properties can approximate 

the surface temperature curve of a material under an imposed heat flux. 

The conduction equation was compared with the temperature data of painted 

samples. These curves are shown in the plots of measured temperatures (Appendix B) 

as well as in Figure 15 and Figure 16. In Figure 15, the theoretical curve has been 

calculated using a = E = 0.7 instead of 0.9. The conduction equation fits the measured 

temperature data better with this approximation. The physical justification for a lower 

absorptivity and emissivity for latex painted samples is that the residue left after 
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burning is a white powdery substance, as opposed to a black resin type of residue left on 

the oil-based samples. The white powdery residue would cause the surface to reflect 

more of the incident energy than the black residue, and therefore the surface would not 

reach the same surface temperature for long times. The lower value for a and E also 

lead to good agreement between the conduction equation and measured temperatures 

for shorter times. This analysis neglects the effect of temperature, and therefore, 

wavelength on the absorptivity. The local divergence of the measured temperature data 

from the conduction equation for times from 100s to 400s in Figure 15 and Figure 16 

can be explained as the temperature increase associated with the flame heat flux after 

ignition has occurred. The conduction equation used in this analysis does not account 

for this additional incident flux. However, after the sample has burned out, the 

measured temperature converges back to the conduction equation approximation. 

The curves of the heat conduction equation solution estimate very closely the 

temperature rise at the surface according to the thermocouple measurements. The plots 

indicate that the heat conduction equation is predicting the heat up of the surface of 

painted concrete block with reasonable accuracy using handbook values for thermal 

properties and estimates of absorptivity. This agreement suggests that effective ignition 

temperatures can be estimated using handbook thermal properties, the heat conduction 

equation and measured ignition times. A summary graph of calculated effective 

ignition temperatures using this method for all samples in this study is given in Figure 

19. 



38 

500 

450 

400 

350 

300 

Gp 250 
200 

150 

100 - 

50 

0 

4 

~~~ 

- .i . 
7 

4 Oil Based] 
KLatex 1 

= -  w 
-~ __.__~~__ 

-~ 

-~ 

~~ ~~ 

, 

Figure 19: Calculated Effective Ignition Temperatures as a Function of # of Coats 

The effective ignition temperatures shown in Figure 19 indicate reasonable 

consistency. There are a number of data points for oil-based paint in the region between 

250°C and 300°C. The data points for oil-based paint outlying this region correspond to 

low coating levels and tests close to the critical heat flux values. The latex painted data 

points indicate fair consistency and average 325°C. These values are much closer to the 

measured ignition temperatures than the calculated values that used the critical heat flux 

based on the method prescribed in ASTM E1321. 

Figure 20 shows a plot measured surface of an unpainted sample exposed to 

75kW/m2. Also shown on this plot is the heat conduction equation, and two short time 

solutions as given in ASTM E1321 as: 
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The two short time solutions correspond to two different values of kpc, one twice the 

other. The short-term solution using twice kpc would be the approximation for a 

material with a given ignition temperature of 300°C which ignites at a time of 

approximately 37 seconds. This means that using the short term solution to derive 

effective material properties would results in a difference of a factor of two from the 

actual individual values found in the handbook. The other short term solution shows 

that this approximation does not do a good job estimating surface temperature above 

250°C or for time greater than 20 seconds. This is compared to the heat conduction 

equation which estimated very closely the surface temperatures in the early as well as 

later domains. 
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Figure 20: Surface Temperature of Unpainted Sample 
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Quintiere’s flammability parameter, b, was used in order to study the potential 

for flame spread on the surface of painted concrete block. The theoretical description of 

this parameter was described in Chapter 111. The heat release curves acquired from 

Cone Calorimeter testing were used for determination of characteristic heat release rate 

and total heat release. Figure 2 1 and Figure 22 are examples of these curves. 
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Figure 21: Heat Release Rate per Unit Area - Sample #38 (6 Coats Latex, 
75kW/m2) 
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Figure 22: Heat Release Rate per Unit Area - Sample #83 (6 Coats Oil-based, 
75kW/mz) 

These curves are typical of all samples tested. The estimation of a triangular 

shape is a good approximation. Therefore, the burning duration is calculated by the 

procedure described in Chapter 111, where the total area under the triangular curve is 

divided by the peak heat release rate per unit area. This calculation was verified by 

measuring the approximate duration of burning during testing. The measured and 

calculated values agreed very well. Using the linearized flame length parameter, kf, 

equal to 0.01, the b number was calculated. 
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Figure 23: b number as a Function of Heat Flux for Latex Painted Samples 
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Figure 23 and Figure 24 indicate that for all tests performed, the b number was 

negative, and therefore indicates that flame spread was not likely in any particular 

configuration of coating level and heat flux. The trend is that as heat flux increases, the 

b number becomes less negative suggesting that flame spread may occur at higher heat 

flux levels. However, the scatter of the data signifies the dependence of coating level 

on the propensity to spread. 
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VI. DISCUSSION 

The standard method used to deduce a material's effective ignition temperature 

does not account properly for some of the physics in some situations. At heat fluxes 

near a critical heat flux, conduction into the material may not be zero, and may, in fact, 

account for a significant amount of the heat losses compared to the incident heat flux. 

This proposition requires further study. However, it is apparent from the measured 

ignition temperature data acquired within this study that the LIFT test calculation 

method overpredicts the ignition temperature of painted concrete block. This is 

important in the use of this material property in analyses using fire modeling software. 

For example NIST's Fire Dynamics Simulator (FDS) [ 171 requires input of a 

characteristic ignition temperature for materials to be evaluated for ignition and flame 

spread. If an ignition temperature of approximately 700°C is used for a material, 

instead of an ignition temperature of 250°C, that material might not ignite in the model 

when realistically, there is a possibility of ignition and/or flame spread. The results 

might conclude no ignition or flame spread, when there actually is a chance for it. This 

might lead to an incorrect hazard evaluation. It is important in light of this possible 

inaccuracy to revisit, especially for complex materials, the process of evaluating the 

ignition temperatures for those materials. It is not practical to directly measure those 

temperatures for many materials so a more thorough theoretical evaluation of the heat 

loss conditions at the surface of a material at ignition is necessary. This analysis was 

carried out using the heat conduction equation and handbook material properties. The 

results from Chapter V showed that this equation could approximate the surface 

temperature rise for painted concrete block. The following could be used as a 
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procedure for evaluating ignition temperatures using the conduction equation for 

thermally thick materials: 

1) Use appropriate handbook values of absorptivity/emissivity, k, p, c for 

the material being tested; 

Solve Equation 2 for appropriate heat fluxes to find ATc and ht,max 

(this solution is iterative; Newton-Raphson Method used here); 

Measure time to ignition for material being tested at a range of heat 

fluxes; 

Solve Equation 1 using handbook property values, estimated 

characteristic temperature rise, ATc, maximum total heat transfer 

coefficient, ht,max, and measured time to ignition data. 

2 )  

3) 

4) 

A further illustration of the inaccuracies of the ASTM E1321 calculation method 

would be to find, from the theoretical Temperature vs. Incident Heat Flux curve the 

critical heat flux for ignition given the measured ignition temperatures from this study. 

If ignition temperatures are assumed to be between 200°C and 35OoC, the critical heat 

flux falls between 5-15 kW/m2. In some cases, these critical heat fluxes are one-fifth 

the experimentally determined critical fluxes. 

This result could indicate another problem not accounted for in the theory. If a 

thin flammable material is adhered to a noncombustible substrate, the material 

properties for conduction are used in temperature evaluations because it is assumed that 

the thin material will not affect the heating of the solid. This assumption is valid in 

many cases. However. when determining: the imition of an assemblv like Dainted 
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concrete block, or in general, temperature at the surface is not the only determining 

factor. Therefore, the definition of ignition in general is revisited. 

For ignition to occur via a pilot energy source, the surface of the material must 

1) reach a temperature by which that material chemically decomposes; 2) release the 

products of decomposition; 3) mix with the ambient gases to form a flammable mixture; 

4) reach the pilot source before that mixture is diluted out of the flammable limits. The 

parts of this process that are not accounted for in the general ignition analysis are 3) and 

4). The heating of a solid is generally well understood and relatively easy to practically 

apply to ignition. However, the composition and concentrations of gases released from 

the surface of a material during heating are not directly accounted for in ignition 

analysis in practical test methods. For the heating and ignition of a thin material such as 

paint on an inert solid such as concrete block, the chemical kinetics could be very 

important. Two issues are key in this situation: the amount of flammable material, 

represented by the amount of paint; and the release of non-flammable gases such as 

water vapor from the concrete block during heating. The amount of paint on the sample 

is tied directly to the concentration of the flammable mixture present near the surface to 

be ignited by an energy source. If there is too little paint on the surface, or if the 

incident heat flux to the surface is insufficient to release enough pyrolyzate to create a 

flammable mixture near the energy source, then ignition will not take place. Also, if 

other non-flammable gases such as water vapor, as may be the case with concrete block 

or gypsum wallboard, are released by the substrate, the mixture of gases at the energy 

source may be diluted below the flammable limit to cause ignition. Both of these 

effects appear to be present for the heating of painted concrete block. In many cases, 
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noticeable release of fuel gases did not lead to ignition at relatively high heat fluxes, or 

the gases above the surface of the material flashed but did not sustain flaming. In some 

cases, off-gassing desisted relatively early at high heat fluxes for low coating levels and 

ignition could not occur. At high heat fluxes surface temperatures would be high 

enough for ignition, but the concentration of flammable mixture would not be high 

enough because not enough material is available to be pyrolyzed. 

The ignition scenario dependence on concentration of fuel gases suggests the 

importance of mass loss rate of paint on a substrate before ignition. Relating this mass 

loss to heat flux or temperature is difficult. It is usually determined via an Arrhenius 

equation for a chemical reaction: 

(8) m " = A e  %T . 

This analysis is beyond the scope of this study. It is indicated for qualitative and 

explanatory purposes. 

The concentration of fuel gases is also affected by the release of water vapor 

from the substrate. The release and subsequent mixing of non-flammable gases from a 

substrate with flammable fuel gases is affected by the path and ease of travel from 

within the material to the surface and then, in vaporized form, near the surface. For a 

material like painted concrete block, a few things affect this path and ease of travel of 

non-flammable vapors. The content of material within the block that decomposes into 

non-flammable vapors, for example, the water content of the concrete block, or the 

water content of the paint, affects how much total non-flammable vapor can be released. 

The pnrnsity nf the cnncrete alsn affects the 2hility nf nnn-flammahle gases tn he 

released at the surface. Also, the permeability of the dried paint on the surface of the 
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block will affect the penetration of non-flammable vapors to the area near the surface. 

According to the manufacturer's technical data, oil-based paint is less permeable than 

latex paint. If that is taken into account along with the fact that latex paint uses water as 

a solvent, then more water can be released through the paint and more water vapor is 

released when the paint is heated. These qualitative descriptions can explain why latex 

paint ignites at a higher critical heat flux than oil-based paint. No quantitative analysis 

of these effects can be offered at this point. 

The temperature data collected during the ten tests with thermpocouples shows 

that release of water vapor plays a role in the heating of painted concrete block. The 

plots of measured temperature (Appendix B) show that the thermocouples placed inside 

the middle of the sample and the thermocouples at the bottom of the sample relative to 

the incident heat flux plateau at approximately 1 OO'C, or the vaporization temperature 

of water. This would indicate that the conducted heat wave through the sample is being 

absorbed to vaporize the water within the sample, thus delaying the time for the 

material to reach a steady state of conduction through the sample. This is illustrated in 

Figure 25. 
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Figure 25: Middle and Bottom Thermocouple and Mass Data 



50 

VII. CONCLUSION 

This study has characterized some flammability parameters of painted concrete 

block. Two different types of paint were tested and compared in relation to their 

respective ignitibility. Tests revealed that latex painted samples are more difficult to 

ignite than oil-based painted samples. The critical heat flux for ignition increased as the 

number of coats of paint applied decreased. It was also shown that time to ignition 

increased and the peak unit heat release rate decreased with a decrease in the number of 

coats applied. However, those relationships were not found with a decrease in total 

mass of paint applied. The tests also demonstrated critical heat fluxes that were 

relatively high compared with other painted wall surfaces and burning durations that 

were relatively short, suggesting a low propensity for flame spread according to 

Quintiere’s flame spread parameter. 

The method by which characteristic ignition temperatures are typically 

calculated was evaluated for applicability to painted concrete block. This evaluation 

included calculation of ignition temperature from experimentally determined critical 

heat flux for ignition and from the heat conduction equation and comparison with 

directly measured ignition temperature via thermocouples placed on the surface of 

painted concrete block samples and subjected to a constant imposed heat flux. This 

comparison has concluded that the heat conduction equation for semi-infinite solids 

exposed to a constant incident heat flux with surface convection and reradiation, closely 

approximates the surface temperature during heating using handbook thermal properties 

and more accurately estimates the ignition temperature compared with the method used 

in ASTM E1321. However, the phenomenon of ignition in the case of painted concrete 
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block is not fully described by any method available. This is because of the release of 

water vapor from the substrate and/or paint depletion that dilutes the flammable mixture 

above the surface. A quantitative description of this effect was beyond the scope of this 

study. 

Further work should include a detailed analysis of the water content in concrete 

block before, during and after testing under imposed heat fluxes. Dried painted 

concrete block should be tested to compare with tests of environmentally exposed 

samples. A more detailed mass loss measurement should be included in further testing 

for both unpainted and painted samples. Also, in order to more completely verify the 

effective ignition temperature calculation described in Chapter V, surface temperature 

should be directly measured andor compared during heating of other painted and 

unpainted wall materials. Samples of painted concrete block should be tested at other 

heat fluxes so direct surface temperature measurements can be obtained to compare 

with measurements made during this study. 
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Heat release per unit area - Test 01 151 51 (Oil 4/65) 
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Heat release per unit area - Test 01 19053 (Oil 6/85) 
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Heat release per unit area - Test 01 12170 (Oil 8/50) 
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Heat release per unit area - Test 01 15882 (Oil 6/75) 
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